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Abstract
Benefiting from the high statistics from e+e− experiments at the Z0 resonance, it
is possible to impose strong two-jet cuts on the data without losing the statistical
significance. In these events perturbative activity is suppressed and hadronization
effects can be more prominent. I give two examples of observables that can be
important tools for a more detailed study of the hadronization mechanism.
1. Introduction
High energy reactions like e+e−→ hadrons are
usually described in terms of two phases, a
perturbative parton cascade followed by soft
hadronization described by a phenomenological
model. A detailed description of the final
hadronic state, including e.g. flavour, the baryon
to meson ratio, spin and polarization as well
as correlations, depends strongly on the non-
perturbative properties of QCD. To gain insight in
the soft phase of the reaction it is essential to isolate
the hadronization process from the perturbative
cascade.
With the very high statistics available from
the LEP1 experiments, it is possible to impose
event cuts which exclude a significant amount
of perturbative activity, and still have remaining
events numerous enough for detailed studies of
hadronization. This is investigated in some detail
in [1], and this talk is a summary of that reference.
The most studied hadronization models are
based on string dynamics [2] or cluster fragmen-
tation [3]. In events with unusually low gluon ra-
diation, the cluster approach must be modified, as
some clusters can get very large masses. Conse-
quently, if we select events with low gluon activ-
ity we cut away those events for which the cluster
model is meant to work best. For this reason I will
focus on different versions of string hadronization.
In this talk I first discuss a set of different
event cuts (section 2) and then give two examples
of observables that may distinguish different model
assumptions (section 3 and 4).
2. Cuts
We first discuss event shape cuts suitable to
extract events with little perturbative activity. The
performance of the cuts can be investigated using
Monte Carlo simulations, where the underlying
parton state is known. We examine the cuts in
terms of purity, defined as the rate of events where
the highest k⊥ for a gluon emission, k⊥max, is below
some k⊥0, and efficiency, defined as the acceptance
rate among the desired events with k⊥max<k⊥0.
The cuts are applied to hadronic Z0 events
generated by the Ariadne and Jetset MC [4, 5].
Ariadne is an implementation of the colour dipole
formalism for a QCD cascade [6]. This cascade is
ordered in k⊥, which implies that k⊥max is easily
extracted as the k⊥ of the first emission. Jetset is
a MC for the Lund string fragmentation model [2].
Fig 1 shows efficiency and purity results for
k⊥0= 2GeV, for four different two-jet cuts: thrust
T , thrust major M , sphericity S and a jet
clustering resolution scale (using the the Diclus
algorithm [7]). As seen, the purity and efficiency
measures are not very sensitive to the choice of cut.
There is thus no optimal cut in all respects, and as
we will see, the preferred cut instead depends on
the observable under investigation.
3. Example 1: p⊥ transfer
One interesting collective variable (frequently
advocated by E. de Wolf [8]) is the vectorial p⊥
sum over all hadrons with rapidity less than a given
rapidity y
Q⊥(y) ≡
∑
p⊥iΘ(y − yi), (1)
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Figure 1. Purity and efficiency for different two-jet
cuts.
which measures the p⊥ transfer over the rapidity y.
An essential point when using the Q⊥ variable
is the choice of axis. If the thrust axis is used,
Q⊥(y) is kinematically constrained to be equal to
zero for y = 0. This axis is therefore very unsuitable
and MC simulations show that the sphericity axis
is more appropriate [1].
The p⊥ transfer observable is sensitive to the
p⊥ correlation length. If p⊥ is locally conserved,
average Q⊥ is similar to average p⊥. On the other
hand, if only global constraints restrict p⊥, the
collective measure Q⊥ gets significantly larger than
p⊥.
Different assumptions about local p⊥ conserva-
tion are possible and available on the MC market.
In the Jetset default version of the Lund string
fragmentation model the transverse momentum of
one hadron is fully compensated by two “neighbour-
ing” hadrons which in general are very nearby in
rapidity.
Motivated by two-particle correlations observed
in hadron–hadron collisions [9] a model where only
a fraction γ < 1 of the hadron p⊥ is compensated
by the neighbouring hadrons is presented in [10]. γ
is assumed to depend on the hadron mass M , and
is parametrized as γ = (1+M0/M)
−1, where M0 =
0.9GeV. In this “partial p⊥ compensation” model
the p⊥ correlation length is finite, but larger than in
Jetset default. (A partial p⊥ compensation is also
assumed in the UCLA model [11], with γ = 1/2.)
To test whether the observable Q⊥ can probe
a local p⊥ conservation, we also want to study a
situation where global p⊥ conservation is the only
constraint on hadronic transverse momenta. This
can be achieved by setting the parameters of the
default partial uncorr.〈
Q2⊥
〉
(GeV2) p⊥ p⊥
comp.
k⊥cut (GeV) 1.5 0.6 0.6 0.6
No cascade - 0.60 0.71 0.74
With cascade:
all events 12.2 12.3 12.4 12.6
two-jet events 0.86 0.94 1.02 1.09
Table 1. Average Q2⊥, measured w.r.t. the sphericity
axis in a central rapidity range |y| < 2. Results
for different assumptions about hadron p⊥ correlation
lengths. The differences in the predictions are shadowed
by the perturbative cascade, but can be restored by a two-
jet cut. Here a cut ln(S) < −4.5 has been used.
partial p⊥ compensation model to get γ ≪ 1 but
still keeping the inclusive p⊥ width finite.
In two-jet events, the hadrons can also acquire
p⊥ from soft gluons. The compensation of this p⊥
is in general not identical to the one assumed in the
fragmentation, and depends on the recoil treatment
of the cascade formalism. Thus the assumed p⊥
conservation length may depend on the treatment of
recoils in the cascade, and on the cutoff scale, which
determines to what extent hadron p⊥ originates
from the cascade or the hadronization.
The top row in Table 1 shows results
without cascade for three different p⊥ correlation
assumptions. Q⊥ clearly grows for less local p⊥
conservation, with a relative difference of 25%
between complete p⊥ compensation by neighbours
(Jetset default) and uncorrelated p⊥. Adding a
cascade almost wipes out the difference, but after
a two-jet cut it is restored to a satisfactory degree.
Also partial p⊥ correlation as assumed in [10] gives
results after a two-jet cut which differ significantly
from the results of the Jetset default assumption.
A comparison of the first and second column
illustrates the difference in p⊥ compensation in the
cascade and in the fragmentation. The same p⊥
model, tuned with different cascade cut-offs, give
significantly different results on Q⊥.
4. Example 2: Helix string
At the end of a perturbative cascade the running
coupling becomes relatively large and interference
and coherence effects are expected to be important.
In ref [12] arguments are presented for a helix-like
correlation between rapidity and azimuth for the
gluons at the end of the cascade. A modification
to the Lund fragmentation scheme reflecting this
correlation is presented and the pitch of the helix is
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Figure 2. Screwiness after gluon cascade. Without
two-jet cuts (upper plot), long-range correlations
in three-jet structures give a signal independent of
fragmentation mechanism. After a two-jet event cut
(lower plot), this signal is removed, and the S(ω)
measure is sensitive to helix-like fragmentation.
given by an unknown parameter ∆y/∆φ = τ , with
expected values around 0.3− 0.5.
A measure constructed to give a signal for a
helix correlation is presented in ref [12]. It is called
“screwiness” and is defined by
S(ω) ∝
〈∣∣∣∣ ∑
|yi|<ycut
exp(i(ωyi − φi))
∣∣∣∣
2
〉
, (2)
where yi and φi is the rapidity and azimuthal angle
for particle i, and the sum goes over all particles
in a central region specified by the rapidity ycut.
If a correlation as in the helix model appears in
hadronization, S(ω) will peak at ω ≈ 1/τ .
MC simulations of qq strings without cascade
show a clear signal in S(ω) for τ ∼ 0.5 or larger [12].
To check the influence of relatively soft gluons on
S(ω), we have combined the helix fragmentation
with the Jetset default treatment of strings with
gluons [13].
The results are shown in Fig 2. Perturbative ac-
tivity introduces long-range azimuthal correlations
which give a signal in S(ω), independent of fragmen-
tation mechanism (upper plot). After event cuts
(lower plot), the observable is more sensitive to the
helix model assumptions and gives a clear signal for
helix-like string fragmentation if τ ∼ 0.5 or larger.
5. Summary
In many cases the effects of gluon emission
overshadow the features of the hadronization phase.
To investigate the hadronization mechanism, we
have examined how well different strong two-jet cuts
suppress the perturbative activity. MC simulations
show that no cut can be called optimal. Instead
the preferred cut depends on the observable under
investigation.
As two examples, we discuss the observables p⊥
transfer, sensitive to the locality of p⊥ conservation,
and “screwiness”, designed to signal a possible
helix correlation in rapidity and azimuth. After a
two-jet cut, we find these observables sensitive to
hadronization assumptions.
The very high statistics now available from
experiments at the Z0 resonance implies that it
is possible to apply strong two-jet cuts on the
data without losing the statistical significance. Our
results show that event samples obtained by such
cuts can be used to discriminate between different
hadronization models and thus be a tool for a more
detailed study of the hadronization mechanism.
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